During the wildland fire of Brazil in 2010 (http://www.dailymail.co.uk/sciencetech/article-1306088/Braziltornado-Whirling-column-flames-sweeps-burning-fields.html), a special fire whirl occurred over a narrow but long fire front and moved due to the wind effect. This paper presents an elementary study on such a moving fire whirl by conducting line fire experiments with cross wind. Experimental analysis indicates that a line fire near the ground, a reasonable attack angle between the line fire and the cross wind, and wind speed within a critical range are the three essential conditions for the formation of fire whirl in a line fire. By examining the advection and bending of vorticity, it is also deduced that the concentrated vortex of fire whirl results from the coupling of the line fire plume and the horizontal vortex line near the ground surface. By assuming the solid-body rotation of fire whirl flame, a possible mechanism of moving fire whirl is proposed, which states that the flame moving is mainly controlled by the drag force, lift force and ground friction. Accurate experimental measurements are needed to testify or verify this mechanism in the future work.
INTRODUCTION
Fire whirl, generally caused by unexpected concentrated vortex effect on a burning flame, is a rare but catastrophic phenomenon in natural fires. During the wildland fire of Brazil in 2010 (http://www.dailymail.co.uk/sciencetech/article-1306088/Brazil-tornado-Whirling-column-flames-sweepsburning-fields.html), a fire whirl was induced by the interaction between the long fire front and the cross wind, which was typically characterized by its flame moving behavior. Generally, the concentrated vortex of fire whirl can be generated in leeward slope [1] , large fires [2] and L-shape urban fires [3, 4] under the effect of cross wind, as well as by multiple fires interaction [5] . Obviously, these atmospheric, topographic and fuel configurations are different from that of Brazil fire whirl. Recently a moving fire whirl was reconstructed by Kuwana et al [6] by scale-model experiments, in which the authors provided an elementary study on the critical wind speed for generation of moving fire whirl. However, until now the source of concentrated vortex for the moving fire whirl remains to be unexplored.
In view of the limited knowledge upon the Brazil moving fire whirl, in this paper we present an elementary investigation on the critical conditions and mechanism for the initial formation of the concentrated vortex in a line fire under wind and the subsequent behavior of flame moving. The effort consists of two parts. First, we attempt to interpret the mechanism of concentrated vortex formation based on the vortex theory, with verification by experiments. Then, regarding the fire whirl flame as a rotating solid body, we propose a possible mechanism of flame moving by some elementary physical analysis, in which the fluid forces which dominate the flame-moving behavior are identified.
EXPERIMENTAL Experimental Setup
The simulation experiment of moving fire whirl was conducted by a system which consists of a mechanical wind wall, a sand bed, a line burner and two support frames (Fig. 1) . The wind wall provided a uniform wind speed at the outlet section (100 cm in width and 200 cm in height). The wind speed was calibrated to fit the formula U=0.102n-0.53, where n is the fan output frequency. On use of this formula, the output frequency should be over 0.52 Hz. Otherwise the wind speed is regarded to be zero. The used wind system has no sidewalls, which is different from that of Kuwana et al [6] . For the detailed description of the wind wall system used in this work, refer to reference [7] . The centers of the sand bed and line burner were 500 cm away from the outlet of the wind wall. Two video cameras were used to monitor the experimental process.
Four burners of different sizes, 300 cm × 5 cm × 5 cm, 200 cm × 5 cm × 5 cm, 120 cm × 6 cm × 3 cm and 100 cm × 3 cm × 3 cm, were used in experiments. The 300 cm and 200 cm long burners, respectively with the attack angles of 25 o and 30 o , were used to examine the fire whirl formation and moving mechanism. In tests the burner rim was set to be 0 cm, 5 cm or 53 cm over the ground surface, in order to examine the ground surface effect. The effect of the attack angle was also studied by different burners, for which the 200 cm long burner involved an attack angle of 0 o , and both the 120 and 100 cm long burners involved an attack angle of 90 o . The fan output frequencies of 0, 0.75, 10, 12.5, 15, 17.5, and 20 Hz were adopted, with the corresponding wind speeds being 0, 0.24, 0.49, 0.75, 1.00, 1.26 and 1.51 m/s. Heptane is used as the fuel in all tests. 
Experimental Observation
For the 300 cm long burner of 25 o attack angle with its rim being flush with the ground surface, only a weak fire whirl with a flame height below 0.6 m appeared when there was no wind, while an intense fire whirl could be created under wind. For the wind speeds of 0.24 m/s and 0.49 m/s, a stable fire whirl lasted for a long time, which stood still or moved toward the leeward end before its disappearance. As shown in Fig. 2 , an initial flame with weak swirl and downwind tilt underwent a transition to become stronglyrotating and erect, and then moved downwind over the line burner. The fire whirl flame height in this case reached about 2.5 m. For increasing wind speed within a certain range, due to the significantly enhanced flame tilt, the weakly-swirling fire whirl quickly moved downwind and just when it reached the leeward end the intensity of swirling would have a sudden increase. When the wind speed was increased to some extent, no fire whirl would appear. The same situations also occurred for the 200 cm long burner. Tests results showed that it is impossible to create a fire whirl when the burner is far away from the ground surface or when the attack angle is 90 o or 0 o . It is of great interest to notice that all the observed fire whirls rotated clockwise. Occasionally, more than two fire whirls were observed at the same time, but with considerably limited durations. Figure 3 shows one single fire whirl resulted from the merging of two fire whirls within less than one second. 
CONDITIONS AND MECHANISM OF THE FIRE WHIRL FORMATION
Byram and Martin [8] suggested three essential conditions for fire whirl formation, i.e. a generating eddy, a fluid sink located within the eddy and some friction or drag offered to the movement of air in the ground of the eddy. The flame itself serves as a fluid sink that horizontally entrains the surrounding air to replace the upward hot gas. When there is an eddy in the surrounding air, the entrainment could induce the concentrated vortex for fire whirl formation. The friction appears to be connected with the stability or disappearance of fire whirl, because it serves to supply the air for the combustion of a steady fire whirl, as evidenced by Zhou et al [9] .
Eddy Source: the Effect of Ground Surface
The viscous force is small in comparison with the inertial force for the flow of a steady fire whirl. However, it may play an important role in the initiation of fire whirl [3] , which could be physically interpreted by the basic vorticity equation as follows.
where the last three terms in the right side represent the generation of vorticity due to the effect of nonconservative force, baroclinic fluid and viscous shear, respectively. A typical case of the vorticity generated by the viscous shear is the horizontal vorticity near the ground surface as wind blows over the ground surface. The second term in the left side stands for the advection of vorticity by wind, which suggests that the horizontal vorticity generated in the windward could affect the combustion behavior in the leeward. The first term in the right side shows that velocity gradient can bend and stretch the vortex line in the flow field. Thus, the horizontal vortex line can be transformed to a vertical one as it meets upward buoyant plume, and its strength can be enhanced due to the stretching effect of the upward buoyant plume.
The above analysis can be validated by the experimental observations in Fig. 4 , in which it is shown that fire whirls were created when the burner rim was flush with the ground surface or was 5 cm above the ground surface, while no fire whirl appeared for the burner rim being 53 cm above the ground surface. This implies that the concentrated vortex for the formation of fire whirl comes from the horizontal vorticity near the ground surface in the windward. Figure 4 also suggests that the strength and duration of fire whirl would decrease as the vertical distance of the flame above the ground level increases, and thus there is a critical vertical distance over which no fire whirl would appear. This can also be theoretically interpreted by the vertical profile of vorticity as wind blows over the ground surface. As shown in Fig. 4(d) , the vorticity decreases to be nearly zero as the vertical distance increases to be above the boundary layer. The critical vertical distance might be related to the boundary layer thickness. 
Coupling of Vortex and Fire Plume: the Effect of Attack Angle
Fire whirl results from the interaction of concentrated vortex and upward fire plume. However, the horizontal vortex line near the ground surface cannot always be entrained into the fire plume to induce the concentrated vortex, even though the line burner rim is flush with the ground surface. As shown in Fig. 5 , with 30 o attack angle a fire whirl formed, while both 0 o and 90 o never created fire whirls. This indicates that the attack angle plays another important role in the formation of fire whirl, and there may be a certain range of attack angle within which fire whirls may appear. In Fig. 6 , the advection and bending of vortex lines are depicted to interpret the effect of attack angle on the formation of fire whirl. It is difficult for the vortex line to enter into the upward fire plume when the attack angle is 90 o and 0 o , due to the lift force acting on the vortex line against the entrainment of the fire plume. For 0 o situation, even if the bended vortex line can be entrained into the fire plume from the long edges of burner, the vortex lines from the two directions will counteract due to the symmetry of entrainment. The weakly-rotating flame can be observed occasionally near the two short edges for the 0 o situation, but it is impossible to move towards the middle of the burner due to the lift force. However, the fire whirl may occur when the attack angle is between 0 o and 90 o , if the resultant of drag and lift force is parallel to the long edge of the burner. The drag and lift force acting on the vortex line is defined in the following section. As observed during tests, fire whirls formed in the middle or leeward end of burner and always rotated clockwise. This observation can be qualitatively interpreted by the depiction in Fig. 6(b) .
Rotation Strength of Fire Whirl: the Effect of Wind Speed
A reasonable wind speed is essential for the formation of fire whirl, which is validated by scale-model experiments (e.g. Emori and Saito [1] , Soma and Saito [3] , Kuwana et al [4, 6] ). As stated above, with increasing wind speed the fire whirl produced by the line fire will first be weakly-rotating and then be strongly-rotating. The weak fire whirl could be induced due to the interaction among the jagged flames over the line burner in still air, while the strong one should result from the interaction between the cross wind and the upward plume. No fire whirl was observed for larger wind speed, which suggests that the wind speed should be within a certain critical range for the onset of fire whirl. This range could be related to the upward speed of buoyant plume. The characteristic upward speed can be expressed by gH , where g is the gravitational acceleration and H is the flame length before formation of fire whirl [6] . Here, we formulate H by the mean flame height of line fire in still air, as [10] H w = 3.64  Q
where w is the burner width, and [6] have also studied the critical wind speed for small-scale line fires to generate the fire whirls by experiment, suggesting the semi-empirical correlation log(U c (gL 
Interaction between Two Fire Whirls
In tests, occasionally more than two fire whirls were generated simultaneously over the line burner. Observation showed that the two fire whirls exerted influence to each other with some characteristic motions. For example, they generally involve the same rotation direction and may merge to become one single fire whirl (see Fig. 3 ). As we know, in fluid mechanics two point vortices may revolve around a center if they have the same direction of rotation. As depicted in Fig. 7 , this center point is on the connecting line of the two point vortices, with zero velocity. In comparison with point vortex, fire whirl vortex holds a remarkable upward velocity that decreases with height, so the upper fire plume would involve obvious revolution (see Fig. 3b ). However, it is impossible for the bottom flame to leave the burner in spite of the interaction. Two adjacent fires will lean toward each other, when with a small fire spacing between them, due to the limited space for air entrainment (see Fig. 3c ). Therefore, two adjacent fire whirls would revolve around and lean toward each other, and finally they will merge to become one single fire whirl.
MECHANISM OF FIRE WHIRL MOTION
Before transition to be erect with a several-fold increase in height, the fire whirl flame is characterized by slight rotation and downwind inclination, and it will move toward the leeward end if the wind speed is large enough. The standing fire whirl shown in Fig. 2 was very stable with strong rotation. This section focuses on the mechanism of the evolution from the inclining flame and the movement over the line burner for such a standing fire whirl.
Assumption of a Solid-Body Rotation
The flow structure of fire whirl is significantly affected by rotation, and the velocity behaves like that in a normal solid-body rotation, characterized by the rotation inside the vortex core which is suppressed due to viscous dissipation, and the outside free vortex. Akhmetov et al [11] measured the tangential velocity of 12 cm-diameter alcohol fire whirl by PIV technology. Figure 8 shows the averaged tangential velocity over four directions successively separated by 90 o angles at the height of 10 cm. The average treatment largely helped reduce the flame wander effect in the measurement. As shown, the Rankine vortex could be used to well formulate the radial profile of tangential velocity, which indicates an almost constant angular velocity inside the vortex core. Note that the vortex core radius (approximately 15 cm) was much larger than the flame radius (below 6 cm). Accordingly, the fire whirl flame body rotated like a solid-body. Moreover, the angular velocity of fire whirl inside the vortex core decreased with increasing vertical distance, however, the angular momentum outside the vortex core kept constant independent on the vertical distance [8] . The fire whirl flame is weakly-swirling with large radial inflow velocity near the ground surface where a strong friction exists. Thus, the fire whirl examined in this work can be simplified to be a spinning cylinder in a cross stream, but with a friction on its bottom. 
Force Analysis

Force Analysis of a Spinning Cylinder in a Cross Stream
The movement of a spinning cylinder is dominated by the drag force and the lift force (known as Magnus effect) in a cross stream. The direction of the drag force is parallel to the stream direction while the lift force is perpendicular to the stream. The drag and lift forces are induced by the pressure and friction forces, for which the pressure difference dominates the lift force while the drag force is controlled by both the friction and the pressure [12] . The drag and lift forces can be respectively expressed as
where ρ is the fluid density, U the steam flow speed, d the cylinder diameter, C D and C L are the drag and lift coefficients determined by the flow field around the cylinder, respectively. Actually, the drag and lift forces involve fluctuations due to the vortex shedding behind the cylinder. Thus the coefficients can be respectively expressed by In summary, the mean lift coefficient increases with the increase in dimensionless rotary velocity α , while the mean drag coefficient is not a monotonic function of α . The fluctuation drag and lift coefficients are zero in the specific range of α where the vortex shedding is completely suppressed.
Force Analysis of Fire Whirl Flame
Wake vortex shedding can be observed in the backside of a cylinder in a cross stream, as well as that of a jet fire or a pool fire in a cross wind [15, 16] . Thus, the drag and lift forces on the fire whirl flame could also involve fluctuations. Figure 9 shows the forces acting on the fire whirl flame which rotates clockwise. Besides the drag and lift forces, the friction force exists between the weakly-swirling flame root and ground surface, to balance the drag and lift forces and make the fire whirl flame to stand stably.
The movement of fire whirl can be predicted when the drag and lift forces are known. When the weaklyswirling fire whirl appears with a downwind inclination, the lift force begins to increase and the drag force starts to decrease to some extent. When the resultant of drag and lift force in the y-axis direction becomes zero, the inclined fire whirl will stand up with an increasing rotation which can significantly entrain the fresh air from ambient as well as fuel vapor. The fire whirl flame height will be largely enhanced while the burning near the fire whirl will be significantly suppressed, as shown in Fig. 2 . At the same time, the actual contact areas between the flame of the fire whirl and the fuel surface will increase, and in turn the friction force will increase. According to the above analysis, the standing fire whirl is possibly able to hold the dimensionless rotary speed between α Ι and I α Ι , and so it can move without fluctuation over the line burner. If the resultant of drag and lift forces can overcome the friction force, the fire whirl moves toward the leeward end. Otherwise, the fire whirl stands still. If the dimensionless rotary speed of fire whirl is less than α Ι , the fire whirl may move backward and forward over the line burner because the large fluctuant amplitude may make the resultant of drag and lift forces being negative. Due to some uncertain factors, such as the disturbance of wind speed or the surrounding air, the generated fire whirl cannot last until the fuel is completely burned. Therefore, accurate measurements should be conducted to quantitatively determine the three forces in the future work. Fig. 9 Forces acting on the moving fire whirl flame.
CONCLUSIONS
This paper presents an elementary study on the fire whirl due to the interaction between line fire and cross wind by experiments. The major conclusions are summarized as follows.
(1) The formation conditions for the fire whirl in a line fire include the line fire near the ground, a reasonable attack angle between the line fire and the cross wind, and wind speed within a critical range.
(2) In a line fire, the concentrated vortex of fire whirl results from the coupling of the line fire plume and the horizontal vortex line near the ground surface.
(3) The disbalance among the drag force, lift force and ground friction can be implied to be the dominant mechanism which controls the flame moving behavior in the fire whirl of line fire. 
